Abstract. A short overview of currently available studies on the ecology of viruses in running waters is provided. Additionally, a survey was conducted on the dynamics of both viruses and bacteria in an isolated floodplain segment of the Danube River and in the main channel near Vienna (Austria) during the hydrologically most dynamic phase (spring -summer). The study evaluates the differences between the main channel and the floodplain segment for suspended particle abundance and quality in relation to bacterial and viral parameters; both free-living forms and those attached to particles are examined. The hydrological disconnection of these two contrasting sampling sites influenced particle abundance and quality as well as the distribution of free-living vs. attached bacteria and viruses. The per-cell activity of bacteria attached to particles was significantly higher than that of the free-living fraction, particularly in the isolated water body. The abundance of bacteria and viruses on particles depended on particle quality (size). In the main channel, bacteria were significantly more abundant on surfaces (per mm 2 ) of suspended matter > 5 mm (aggregates with organic constituents) compared to particles < 5 mm (mostly mineral grains). In the isolated water body, both bacteria and viruses were more abundant on the larger particles/aggregates. Data from both locations revealed a positive correlation between abundance of particles > 5mm and attached viruses; free-living viruses were less abundant at high > 5mm particle loads. Only in the isolated floodplain section was viral abundance positively influenced by elevated per-cell productivity of potential host bacteria. The results demonstrate that system variability on a relatively small topographical scale (within a river-floodplain system) has consequences for microbial life, including viruses.
Inroduction
Following the discovery of high numbers of viruses in aquatic environments (now considered the most abundant biological entities in natural waters; Bergh et al., 1989) , it soon was observed that this virioplankton is significantly linked to bacterio-and phytoplankton (Proctor and Fuhrman, 1990; Suttle et al., 1990) .
Since viruses infect all members of the microbial food web, they must be viewed as significant biological agents in microbial processes (for review see Wommack and Colwell, 2000; Weinbauer, 2004) . Moreover, viral abundance is generally one to two orders of magnitude higher than that of bacterioplankton. Interestingly, there are indications that freshwater systems might differ from marine habitats regarding viral abundance and the ratio of viral to bacterial numbers (Maranger and Bird, 1995; Farnell-Jackson and Ward, 2003) . Further surprising is that, although viruses play a significant role in marine and lake waters, many related aspects are largely ignored in research on the functioning of river systems.
For many years the presence of viruses in river water has been a significant public health issue in the context of the microbiological quality of this water resource. Drinking water is often produced from river water, which usually contains microorganisms pathogenic for humans. This led to investigations of the virological contamination in different riverine systems. Walter et al. (1989) , for example, found a close connection between a sewage index and the determined virus levels. From the lower reach of the Danube River, Walter et al. (1990) reported on a pronounced virological risk in connection with producing drinking water. Skraber et al. (2002) concluded that bacteriophages are good indicators for pathogenic microorganisms present in water of the Moselle River. Their results showed that somatic coliphages are less sensitive to environmental factors (flow rate, temperature) than those bacteria traditionally used as indicators of faecal contamination. Therefore, somatic coliphages in river water apparently provide a more constant and reliable indicator of faecal contamination.
On the other hand, ecological studies on viruses in running water ecosystems are scarce. Mei and Danovaro (2004) detected some 18 % bacterial mortality due to viruses in sediments of the Esino River. Baker and Leff (2004) investigated seasonal patterns of virus abundance in a northeast Ohio (USA) stream. A survey of nine streams in different regions of the USA revealed that virus abundance was not significantly different among streams or among sites within a stream (Olapade et al., 2006) . Similarly, in a study of two rivers in the Czech Republic, no difference in abundance and distribution of viruses was found among sites within rivers and between rivers. Temporal variations, however, were large (Slovµckova and Marsµlek, in press). In a study of a lotic-lentic inland water network in tropical Sri Lanka, we have previously shown that most virus parameters, such as abundance or frequency of visibly infected cells, were positively linked to bacterial abundance and production as well as to organic nitrogen or certain phosphorus species. We calculated that between 13À46 % of the prokaryotic standing stock suffered virusmediated mortality (Peduzzi and Schiemer, 2004) .
Few relevant studies are available for a Danube backwater system near Vienna (Austria). One described seasonal variations of virus abundance and its potential impact on bacterial production in an isolated backwater pool (Mathias et al., 1995) . Another study, conducted in an eutrophic, stagnant oxbow lake, suggested high prokaryotic mortality (up to 46 % of the bacterial secondary production) due to viruses (Fischer and Velimirov, 2002) . These studies did not consider the potential importance of suspended matter in the water column. The third investigation reported on virus-induced mortality in the sediment layer of another oxbow lake: viruses controlled up to 25 % (average, 7 %) of benthic bacterial secondary production (Fischer et al., 2003) . Fischer et al. (2006) estimated simultaneously the significance of virusinduced lysis and protozoan grazing on benthic bacterial mortality. Their microcosm results indicated that viruses, heterotrophic nanoflagellates and ciliates together were an insufficient factor in regulating bacterial secondary production and bacterial standing stock in the investigated freshwater sediment (although they did contribute on average 12 %).
Interactions between natural virus assemblages and suspended matter are scarcely documented. Particularly in river systems where suspended matter is a ubiquitous and important factor, very little information is available on the interaction of viruses with particles. In riverine floodplains, highly variable concentrations and the dynamics of suspended inorganic and organic particles are mainly determined by river morphology and hydrology (Meybeck, 1982; Richter et al., 1997) . Particulate matter is transported from the river to side-arms as well as vice versa. A major driving force of such exchange processes is hydrological connectivity via surface waters (Junk et al., 1989; Galat et al., 1997) . Depending on the hydrological connectivity of the floodplain with the main channel, the conditions within the floodplains can change from lotic to lentic. A study dealing with suspended particulate matter demonstrated the influence of particle size and quality on attached viruses. In a riverine wetland, surface type and potential host bacterial cells influenced the proliferation and distribution of viruses (Farnell-Jackson and Ward, 2003) . The abundance of viruses attached to surfaces ranged from 1.3 10 6 /cm 2 on macrophytes to 1.1 10 7 /cm 2 on wood. The relevance of substratum type was also shown by Lemke et al. (1997) : viral abundance associated with sediment exceeded that on leaves in a lotic system. A more recent study by our working group (Luef et al., 2007) was conducted in a dynamically connected floodplain segment and in the main channel of the Danube River downstream of Vienna. The study evaluated the level of connection between the main channel and the connected floodplain segment for particle abundance and quality as well as for bacterial and viral parameters. Variable water age (i.e. the time water was contained in a particular water body of the floodplain system, Luef et al., 2007) influenced bacterial and viral abundance and the bacterioplankton productivity in the surrounding Aquat. Sci. Vol. 70, 2008 Research Article 187 water. The abundance of attached bacteria and viruses was not influenced by water age, but was influenced by particle quality. Particle-attached bacteria accounted on average 30.3 % (AE 3.1) of the total bacterial abundance. A variable and occasionally significant proportion of viruses, between 0.4 % and 35.1 %, was associated with suspended particulate material.
Following this short overview on the scarce information currently available on virus ecology in rivers, with our study we add new data by addressing the relevance of separated water bodies and suspended matter load in a river-floodplain system. In a preliminary study of the Danube Rivers main channel and an adjacent isolated floodplain section representative for lentic floodplain conditions, we hypothesized that the limnological differences in these two adjoining environments influence viral distribution and parameters of their bacterial hosts in the water column and on suspended particles. Potentially significant driving forces are discussed. In a brief outlook we propose important questions that should be dealt with in future studies of riverine water bodies.
Material and methods

Study sites
The Danube near Vienna is a 9th-order river with an average annual discharge of 1950 m 3 /s and a slope of 0.045 %. At this location, the Danube drains a 104,000 km 2 area. Two contrasting sampling sites were investigated between April and July 1999 at weekly intervals. One sampling station was located in the main river channel at river kilometre 1890. For comparison, we also sampled an isolated side arm of the Danube floodplain area called "Lobau" on the north bank of the river. The investigated backwater system is located within the city area of Vienna; this former river channel is largely decoupled from the main river and prevailingly lentic. Surface connection is established only during very strong spate events (on average 17 days per year) when water enters this side arm in upstream direction via a narrow channel on its downstream end with low flow velocity. The sampling station was located in the central part of the stretch of this side arm approximately 5 km from the abovementioned point of connection with the main river. A more detailed description of the investigated area is given in Hein et al. (1999) .
Sampling
Water samples were taken with 10 L-carboys rinsed with 0.1 N HCl, tap and sample water. To assess bacterial and viral abundance and the number of suspended particles, 90 to 100 ml of the sample were fixed with formaldehyde (2 % final concentration) immediately after sampling. The samples were kept refrigerated (+48C) until analysis. Sampling depth was approximately 30 -50 cm at all stations. The Danube station was sampled on 12 sampling events; on 18 May and 1 June 1999 no sampling could be conducted due to limited access to the site caused by a large flood. Lobau was sampled on 13 dates; no sampling occurred on 4 May at this station.
Particle abundance and quality The fixed samples were filtered onto Whatman AnoDisc filters (pore size 0.2mm, 25 mm diameter). On each sampling date, two filters of each water sample were prepared. After gentle filtration (< 200 mm Hg), the filters were embedded in a mixture of glycerol and phosphate buffered saline onto microscope slides, stored in a refrigerator and analysed within less than a week. Particles were counted and sized (see below) under a light-and epifluorescencemicroscope (Nikon E 800) at 500-fold magnification. Two size classes of particles, representing different microenvironments, were distinguished by considering the equivalent spherical diameter (ESD; i.e. the diameter of a sphere with equivalent volume to nonspherical-shaped particles; Riebesell, 1991; Peduzzi and Weinbauer, 1993) : < 5 mm (mostly inorganic mineral particles) and > 5 mm (particles and aggregates with organic constituents; as described in Luef et al. 2007 ). On each filter, 20 fields were counted to determine the total number of particles; at least 20 particles of each size class were counted per field.
Bacterial and viral abundance, bacterial secondary production (BSP) Samples were treated as described in detail in Luef et al. (2007) . Briefly, 1 to 3 ml of the fixed samples were filtered onto Whatman AnoDisc filters (pore size 0.02mm, 25 mm diameter). Free-living and particleattached bacteria as well as virus-like particles (VLPs) were stained with SYBR Green I (Noble and Fuhrman, 1998 ). Microorganisms were enumerated under an epifluorescence microscope (Nikon E 800) at 1250-fold magnification. On the filter approximately 20 particles of each size class were chosen randomly and inspected for the number of associated bacteria and virus-like particles (VLPs) as described in Luef et al. (2007) . This method reveals abundance at least of surface-exposed microorganisms. Nucleic acid fluorescence from inside the aggregates might have been underestimated (see discussion), therefore our estimates may be conservative. The free-living, particleassociated and total fractions were assessed according to Luef et al. (2007) . A virus-to-bacterium ratio (VBR) was calculated.
BSP of the free-living fraction was determined by pre-filtering samples through a 3.0 mm filter (Millipore TSTP, 47 mm diameter). For the total fraction, unfiltered samples were used. BSP was estimated using the [ 3 H]-thymidine incorporation technique and applying a conversion factor proposed by Bell (1993) . Triplicate samples (5 ml) were incubated for 0.5 to 1 h at in situ temperature in the laboratory. Two subsamples were pre-treated with formalin and served as a blank. The difference between the total BSP and the BSP of the free-living fraction was presumed to be the BSP of the attached fraction. The specific BSP (spBSP) was calculated by dividing the BSP by the respective bacterial abundance. No BSP measurements are available for 13 and 21 April and 22 June at the Lobau-site, and for 22 June at the Danube station.
Data Analysis
For statistical analysis, the software program SPSS 12.0 was used. A Spearman-Rho correlation test was performed to analyse the relations between measured variables (two-tailed, significance assumed at p < 0.05). Linear regression equations were calculated for selected variables. To test between sample differences a non-parametric Test (Mann-Whitney U-Test) was applied.
Results
Hydrology
An alpine regime governs the flow pattern of the Danube in Austria, with increased frequency of high discharge in spring/early summer due to snow-melt, precipitation or a combination of both. According to this, the investigation period from the mid-April to late July 1999 was dominated by relatively high discharge rates (Fig. 1) . The water level of the Danube River remained almost permanently above mean water level (145.9 m above sea level). An annual spate occurred from mid-May to early June and a smaller one in early July. Only during the strong spate in May was the isolated Lobau connected to a certain degree via the narrow channel at its downstream end (see above).
Bacterial and viral dynamics
In the river channel of the Danube, the abundance of both bacterial fractions (free-living and attached) was quite variable during the investigation period. Free bacteria ranged between 0.2 and 2.1 10 6 /ml, attached bacteria were even more variable fluctuating between 0.09 and 2.3 10 6 /ml (Table 1) . At the isolated Lobau section, free bacterial numbers were also variable (between 1.1 and 3.6 10 6 /ml), attached bacteria ranged between 0.08 and 0.46 10 6 /ml. On average, bacterial secondary production (BSP) of bacteria attached to suspended matter in the main channel was twice as high as that of free bacteria. At Lobau, the free-living bacteria exhibited higher BSP than the attached fraction (Table 1) . At both sites, the per-cell productivity (spBSP) was about one order of magnitude higher for attached vs. free-living bacteria (Table  1) .
In general, virus particles free in the water column were more abundant than attached forms. Free viruses in the main channel ranged from 0.3 to 3.5 10 7 /ml; 0.02 to 0.69 10 7 /ml virus particles were attached to suspended matter. In the Lobau water body, free viruses were much more abundant fluctuating between 2.4 and 10.6 10 7 /ml; attached viruses varied between 0.01 and 0.26 10 7 /ml. The virus-to-bacterium ratio (VBR) at both stations was always significantly lower (Mann-Whitney, p<0.005, n=25) on suspended matter than for the free fraction (see Table 1 ).
The per-cell activity of bacteria (spBSP) obviously influenced virus abundance, but only in the isolated Lobau waters. Figure 2a shows significant linear regressions between these two parameters for the total fractions (i.e. sum of free-living and attached microorganisms), and figure 2b for the free-living fraction alone.
Bacteria and viruses on particles
To investigate whether suspended particle size is of importance for microorganism colonization, we separately inspected particles < 5mm (this fraction consists mainly of inorganic mineral material) and particles and aggregates > 5mm (with high content of organic material). At both sampling sites (pooled data from the entire investigation period), the larger Aquat. Sci. Vol. 70, 2008 Research Article 189 particles were more densely (Mann-Whitney, always p < 0.05, n=36) colonized by bacteria than the small "mineral" particles (based on particle surface area; see Fig. 3 ). However, colonization with viruses followed this pattern only at the lentic environment Lobau. In the Danube main channel, no significant difference in viral abundance on particle surfaces was observed (Mann-Whitney, p > 0.05, n = 36). When comparing the two sampling sites, only on particle surfaces of larger ("organic") particles were significantly more bacteria (Mann-Whitney, p < 0.05, n = 50) present at the isolated section Lobau than in the Danube main channel. Viruses were significantly more abundant at Lobau on both suspended solid fractions (Mann-Whitney, small particles: p < 0.05, n = 36; large particles: p < 0.001, n = 50).
To evaluate whether the overall abundance of particles > 5mm (with organic content) had any effect on the fraction of attached microorganisms, we performed correlation analyses between these variables. In the Danube channel, both attached bacteria (Spearman, r = 0.66, p < 0.05, n = 12) and viruses (r = 0.99, p < 0.01, n = 12) were dependent on the abundance of suspended material. At the Lobau site, only viruses exhibited this type of dependency (r = 0.69, p < 0.01, n = 13). No such relationship was observed with small ("inorganic") particles either in the main channel or in the Lobau water body. Linear regression models of data pooled from both environments (main channel and isolated section) are presented in figure 4a b, highlighting that the abundance of attached viruses is positively linked to the availability of suspended particles with higher organic content. The presence of free viruses exhibited a negative dependency on abundance of such > 5mm particulate material.
Discussion
Our study was conducted during the hydrologically dynamic period of the year (see Aspetsberger et al., 2002) . Despite relatively high river discharge, the isolated floodplain section Lobau was largely lentic and clearly differed from the conditions in the main channel. The overall bacterial abundance and BSP in the main channel and at Lobau were within the range reported in other studies (Hoch et al., 1995; Hein et al., 1999; Aspetsberger et al., 2002; Schiemer et al., 2006) . We quantified two bacterial fractions -freeliving and attached to suspended solids. In the Danube channel the abundance of both fractions (based on volume of water) remained on average within the same range (see Table 1 ), attached bacteria were less abundant at the Lobau site. A similar observation, although less pronounced, was made with BSP when comparing these two fractions. This was most likely due to the high suspended solid load in the main channel vs. the clearer water column of the isolated floodplain pool. High bacterial abundance bound to particles was also found in a study conducted in the main channel and another floodplain section that is strongly integrated into the rivers flow regime (Luef et al., 2007) . Attached bacterial abundance can vary from a few percent to 98 % of total bacterial abundance in various aquatic regions (Iriberri et al., 1987) , mainly depending on particle abundance. In a headwater river-reservoir, Kondratieff and Simmons (1985) showed that attached bacteria were more important upstream (mean 42 -45 %) than in the reservoir and downstream (19 -31 %).
In contrast to bacteria, viruses were always more abundant in the free-living fraction in our study, particularly at the lentic site Lobau (ca. 3 times higher than in the main channel, see Table 1 ). This indicates favourable conditions for virus proliferation here. The lower VBR on suspended matter (compared to freely suspended viruses) in our study is comparable to other material as substratum for viruses. Lemke et al. (1997) reported that the VBR in different riverine sediments ranged from 0.7 to 1.2, while on leaves it ranged from 0.2 to 0.3. Fischer et al. (2003) found VBRs in Danube backwater sediments ranging from 0.9 to 3.2. The values in sediments of another riverine wetland ranged from 0.03 to 0.74, on aquatic macrophytes from 0.06 to 0.85 and on submerged wood from 0.01 to 0.86 (Farnell-Jackson and Ward, 2003) . In lake snow, VBRs varied between 0.3 and 8.5 with an average of 4.7 (Simon et al., 2002) . This is one of the first attempts to quantify both bacteria and viruses together on suspended particles using epifluorescence microscopy, and our results probably merely reflect trends. Due to technical constraints (background fluorescence, only two-dimensional visualisation) the true abundance may be underestimated (Kirchman and Mitchell, 1982; Luef et al., 2007) . However, our data indicate that viruses Aquat. Sci. Vol. 70, 2008 Research Article (and bacteria) can be abundant on particles and this apparently is linked to particle quality.
The hydrological regime of running waters is a major factor determining particulate organic matter, nutrients, phytoplankton and zooplankton as well as bacterio-and virioplankton dynamics in floodplains (Schagerl and Riedler, 2000; Baranyi et al., 2002; Hein et al., 2003 , Luef et al., 2007 . Different water age influences particle quality. Our results indicate that the quality of the particulate matter (size, organic constituents) affected the abundance of attached bacteria at both sampling sites, and of viruses only at the isolated location. Considering the surface area, those particles weakly colonised by bacteria (and at Lobau also by viruses) consisted mainly of inorganic components and were smaller than the heavily colonised particles. The strongly colonised particles were predominantly flocculent, and contained an organic matrix. A similar observation (for bacteria only) was reported by Berger et al. (1996) for the main channel of the Danube River. In a more pristine floodplain part of this Danube area, which is dynamically connected with the main river, the abundance of Alcian-and Commassie-stained suspended particles was positively related to water age, indicating an increasing importance of organic constituents in seston material under more lentic conditions (Luef et al., 2007) . In the same study, moreover, Alcianstained aggregates correlated with bacteria and viruses attached to the particles. In another investigation using stable isotope analysis, Aspetsberger et al. (2002) showed that water age significantly influenced POM quantity and composition. Our data (Fig. 3) indicate that the lentic conditions of the isolated section typically provide a more favourable particle substratum for virus colonization.
In general, the presence/abundance of suspended particles > 5mm in the water column of a riverine environment (either lotic or more lentic) appears to be significant for the distribution of viruses. Figure 4 clearly demonstrates that, as particles with organic constituents increase in the water body, more viruses are attached and fewer are freely suspended. Therefore, such particles apparently remove VLPs from the water column. We are currently still unable to predict whether these attached viruses are "inactivated" or play an active role in the particle microenvironment. Nevertheless, our results have considerable consequence for several environmental aspects of river ecosystems.
Isolated, mainly biologically controlled riverfloodplain sections (particularly at low water levels) can be distinguished from more open and strongly hydrologically controlled parts (e.g. at higher water levels or the main channel; Tockner et al. 1999 ).
Regarding viruses, our study must be considered preliminary to support a clear conclusion about controlling factors. However, since there is evidence that maintenance of abundant bacteriophage populations is dependent on an active bacterial host community (Wommack and Colwell, 2000; Peduzzi and Schiemer, 2004) , the significant interrelationships between the per-cell productivity of bacteria (spBSP) and virus abundance in the isolated Lobau waters (see Fig. 2a b) suggest biological interaction between these two microbial compartments. No such significant correlation could be observed in the Danube River itself. In the main river, physical parameters like gauge and temperature generally prevail (Schiemer et al., 2006) and may have influenced virus abundance there.
The variability of the various subsystems in a riverfloodplain is manifest in a set of limnological parameters, including sediment, suspended solids, nutrients and biota (Schiemer et al., 2006) . Our research, conducted in two end-member subsystems of a riverfloodplain (lotic vs. lentic), demonstrates that such variability also influences microbial life including viruses. Different water bodies apparently influence the particle quality along with their associated bacteria and viruses as well as microorganisms in the free water column. Particle-related bacteria and viruses are dependent on particle abundance, size and quality.
Our preliminary results hopefully stimulate further investigations on the microbial ecology of riverine and river-floodplain systems. Since particle origin (and quality) apparently is different in headwater floodplains compared to large lowland systems (Malard et al., 2006) , there is still need for, e.g., quantification, sizing and characterization of particulate matter and the associated microorganisms in various subsystems of river-floodplains in relation to hydrologic events. Investigating whether disturbance by flooding influences virally induced mortality of prokaryotes in the various floodplain sections may be of particular importance. Work on marine systems indicates that viral lysis can profoundly affect the carbon cycle by converting cells into dissolved organic carbon (Fuhrman and Suttle, 1993) , in a process described as the "viral shunt" (Wilhelm and Suttle, 1999) . In their model, these authors estimated that some 6 -26 % of photosynthetically fixed organic carbon is recycled back to dissolved organic material by viral lysis. Although viral lysis may release only a small fraction of the total pool of DOC and POC in a given time span, it could constitute a significant portion of the rapidly cycling carbon in the system. This is particularly relevant in river systems with a usually high proportion of aged and recalcitrant carbon (Raymond and Bauer, 2001 ). Nothing, how-ever, is known about the effects of viral lysis on the carbon cycle in riverine systems. Therefore it may be asked what will be the consequences of viral lysis of prokaryotes on the microbial carbon cycle in the different subsystems and hydrological situations of a river-floodplain system. Future research should also consider the documentation of differences in the community structure of attached vs. ambient water viruses and hosts. The assessment of a potential viral impact on particle dissolution and aggregate formation (compare Peduzzi and Weinbauer, 1993) may also be of considerable relevance. Focusing on such topics will provide further important insights into the structure and function of aquatic microbial food webs, and into carbon cycling in a sequence of systems with varying particle load. It will also contribute to our understanding of microbially mediated processes in large river systems.
